Introduction
The European Textile market poses new challenges to the polymer nonwoven sector, necessitating the development of new technologies, products with specialised structure and unconventional properties, and new applications. The considerable interest in the manufacture and use of nonwovens has been confirmed by Polish and European research projects aimed at improving the safety and comfort of workers using personal protective equipment (PPE). A variety of textile composites have been developed by designers and manufacturers to ensure that the PPE products used both in the workplace and in other settings are sufficiently comfortable. Such composites have been used in contoured footwear insoles and air-purifying half masks providing protection to the human respiratory system, featuring a specialised structure, unconventional properties, and new applications. Taking into consideration the advantages of nonwoven materials, it should be stressed that the demand for specialised nonwoven product is on the increase. Thus, from the scientific point of view, further research is necessary into new polymers, modifiers and surface modification technologies. Depending on the quantitative and qualitative composition of the material, morphological structure, modifiers, hydrophilicity or hydrophobicity, and structure modification techniques, polymer nonwovens have found many applications in a variety of industrial sectors. For instance, numerous respiratory protective devices contain multilayer nonwovens produced by different methods. Considerable research is also being conducted in the field of surface modification by means of low-temperature plasma, nanostructures and biodegradable polymers [1, 27, 30, 37, 38, 40] A popular method of modification of polymer materials is the electrostatic activation involving low-temperature atmosphericpressure plasma, and in particular corona discharge. Such techniques have been explored in several research works on the theory and mechanisms of corona charging of polymer materials [5, 8, 32, 36, 41] . Those works studied the relationship between the charge accumulation capacity and the type of direct or alternating current supplied to the activating device. Furthermore, the corona discharge process was optimised in terms of the type of charge used, voltage supplied to the discharge electrode, type of electrode, distance between the polymer material and the electrode, modification time and others [3, 31, 42] . The patent literature offers many construction solutions both as regards electrodes and activating devices [10, 28, 35, 39] . Moreover, studies have been conducted on the modification of polymer textile materials using either atmospheric-pressure corona discharge or low-pressure plasma produced in plasma reactors [1, 2, 3, 38] . The results of those works show that further research should be undertaken to improve the durability of plasma modification effects.
Yet another method of functionalisation of polymer materials involves the incorporation of modifiers (additives) in the fibre structure. Patent claim [26] describes a two-step method of producing a PP composite from regranulated polymer with modifier with the addition of 2% microcrystalline cellulose or 3% microbiological chitosan. Considerable research effort Currently, in the European market there is no multifunctional melt-blown nonwoven material that would exhibit both increased mechanical strength and high levels of moisture transport and microbial inhibition in nonpermeable protective footwear. Similarly, there is no filter material with high filtration capacity (low penetration indicator) at low airflow resistance that would also be characterised by sufficient mechanical stability and sorption. Aim of the study was presented tests of textile composites designed for use in selected types of personal protective equipment worn in the workplace and discussed methods of modification of melt-blown polymer materials by the addition of a bactericidal agent or superabsorbent directly to the fibre-forming area during the melt-blown production process.
Experimental
Melt-blown technology was chosen due to the fact that the structure of nonwovens can be effectively adjusted in terms of nonwoven porosity and area density. Another advantage is that the manufacturing apparatus is smaller than that used in other methods of nonwoven production. It should be noted that melt-blown technology is very flexible and easily yields itself to different modifications. Despite the fact that this technology requires high energy input due to the high process temperature and considerable use of hot air, it is nevertheless preferable for environmental reasons as a so-called 'dry technology'.
The particularly innovative aspects of the presented research involve the use of polymer materials (instead of wool felts) for protective footwear insoles and the direct addition of modifiers during the melt-blown production process with a view to obtaining multifunctional polymer materials.
Polymers and modifiers
The nonwovens were produced from polymers commonly used in melt-blown technology: Moplen HP 540J crystalline polypropylene (PP) beads (Lyondell Basell Orlen, Polska), LEXAN 144 R amorphous polycarbonate (PC) beads (General Electric Company, USA), and AQUAMID 6 polyamide beads (Aquafil Engineering Plastics S.P.A., Italy). These materials exhibit some valuable properties such as considerable thermal resistance, resistance to sterilisation conditions, shape stability, good electrical insulation properties, biological inertness and easy recycling. Table 1 presents the characteristics of the polymers used.
With a view to obtaining a multifunctional melt-blown nonwoven with improved mechanical properties, moisture transport, and microbial growth inhibition to be used in nonpermeable protective footwear, we applied a bioactive modifier, that is, commercially available magnesium monoperoxyphthalate. It was added during the process of fibre formation in an amount of 140 g/m 2 in the manner described in previous publications [20] .
In order to produce a highly efficient filter material exhibiting low airflow resistance, sufficient mechanical stability, and good moisture sorption capacity to be used in air-purifying has been undertaken to obtain nonwovens with good filtration and sorption properties using powdered activated carbon incorporated into a nonwoven by means of compressed air [7] or by adding it to the polymer stream. Other papers [2, 20] report the modification of melt-blown nonwovens with a biocidal agent with a view to removing pathogenic microorganisms from the air. The fibres were made of a polymer which contained antibioaerosol particles. Their efficiency was proven in biological tests on E. coli and S. aureus.
Microbiological research has also shown that bioactive filter nonwovens are useful in the construction of respiratory protective devices (novel bioactive air-purifying half masks). It has been reported [11] that modern disposable personal hygiene items and healthcare articles should exhibit excellent absorbability in order to offer good comfort of use. However, it can be easily predicted that improvement in one parameter may lead to deterioration in other functions of a nonwoven composite containing a superabsorbent polymer. It should also be remembered that the manufacturing technology of such nonwovens is uneconomical. The costs of highly specialised materials must be reduced by increasing production efficiency and effectiveness, both for individual components (such as adhesives, superabsorbents, functional synthetic fibres, cellulose pulp) and for the entire technological process. An alternative to this technology is offered by the production of filter nonwovens directly from a polymer stream, using the meltblown technology. Due to the specific properties of nonwoven fibres, and especially their small diameter, these materials exhibit superior filtration, absorption, and thermal insulation parameters.
The insole materials used today in protective footwear under demanding work conditions are hygroscopic products that retain high levels of moisture in their structure, which affects their hygienic properties [17, 29] . This also hinders the safety of such protective equipment (by increasing the risk of fungal infections of the feet) and shortens the viable time of their use. An appropriate microclimate inside protective footwear may be obtained by improving the construction of insole composites. Previous research and design works mostly dealt with insole composites for casual footwear. For instance, paper [18] reports the development of two-ply composite insoles that promote unfavorable growth conditions for fungi and bacteria. The patent literature proposes many insole construction types for improvement of the comfort of use [6, 9] .
In the case of air-purifying half masks, the most widespread cause of discomfort is skin irritation arising in the area where the half mask presses against the skin (cheeks, nose, chin). This in turn may make the workers reluctant to wear the masks, despite their high protective properties. This phenomenon is particularly important in the case of high-performance half masks, as they are typically deployed under adverse work conditions. At the same time, it should be stressed that elevated temperature and humidity inside protective equipment is conducive to the growth of pathogenic microorganisms. Under such circumstances, it is important to ensure effective heat and moisture transport away to the environment, and to impart biocidal properties to the products.
which is specified in detail in paper [33] . Predried PP, PC or PA granules were transferred from the hopper to the extruder barrel (3). The polymer melt was adjusted to the desired viscosity prior to drawing from the spinning head (2). Compressed air passed from the air flow controller to the air heater (1), in which it was dried and heated up to an appropriate temperature. Then, the air flow was directed to the spinning head (2), where it hit the polymer streams exiting the nozzle, fracturing them into elementary fibres of varying thickness and length. The experimental stand had control points for adjusting technological parameters. A scheme of the stand is presented in Figure 1 .
half masks, we applied a modifier in the form of EK-X EN52 polymeric absorbent with an average grain size of approx. 250 µm (coarse), as well as a superabsorbent ground with a ball mill, with an average grain size of approx. 30 µm, which was added to the polymer in the amount of 2.5 g/0.8 m 2 of nonwoven (approx. 3% vol.) and 5.0 g/0.8 m 2 of nonwoven (approx. 7% vol.)
Processing procedure
Technological work was conducted using an experimental stand for the production of electret melt-blown nonwovens, Figure 1 . Scheme of technological set-up for the production of melt-blown nonwovens with modifiers: 1 -air heater, 2 -spinning head, 3 -extruder, 4 -modifier, 5 -modifier dispenser, 6 -activating device, 7 -collector, 8 -air suction unit, 9 -winder.
modifier mixture was additionally activated electrostatically by corona discharges (a potential difference was generated between the discharge electrode and the counter electrode). The fibre/modifier mixture was deposited on the collector (7), forming a compact nonwoven material (9). The greatest advantage of the presented technological solution is the possibility to add modifiers directly into the stream of melted polymer at the stage of elementary fibre formation. Thanks to this, modifier particles become firmly bonded to the fibres. The obtained polymer materials were applied in selected types of PPE, that is, in protective footwear (insoles) and in air-purifying half masks (filter nonwoven). The obtained variants of biocidal nonwovens for insoles and filtering sorption nonwovens are characterised in Tables 2 and 3 , respectively.
The developed spinning head made it possible to produce fibres from any type of thermoplastic polymer and to easily connect devices injecting different modifiers. During the technological process, it was important for the polymer melt exiting the extruder to have constant parameters (mass and temperature). The optimum polymer melt viscosity for thin fibre production was achieved by means of the appropriate design of the spinning head, where final heating of the polymer melt took place. The developed spinning head design, shown in Figure 2 [33].
The modifier (4) was fed by a connecting tube (5) from the rotary dispenser to the compressed air injector. The resulting air/modifier aerosol was introduced directly into the stream of semiliquid polymer. In the case of filter materials, the fibre/ Figure 2 . The spinning head and the modifier dispensing assembly: 1 -modifier, 2 -dispenser, 3 -connecting tube, 4 -hot air for blowing polymer, 5 -assembly for injecting modifier into fibre stream, 6 -compressed air generating vacuum, 7 -polymer melt from extruder Six variants of bioactive composites for protective footwear insoles were obtained. They are characterised in Table 4 . They were previously described in greater detail by the authors in paper [20] .
Methodology
Evaluation of insole quality involved mechanical, hygienic and microbiological testing [19] . As a result, the materials produced were subjected to laboratory tests and measurements for the parameters presented in Table 5 .
Due to the fact that footwear materials should exhibit high mechanical strength, a new technology for binding composite layers was developed (which is the subject of a patent claim by the authors) [22] . A nonadhesive binding method was used with an ultrasound applied by means of a universal vertical spot welder that performed the working motion similar to that of a pneumatic press. The spot welder was equipped with welding sonotrodes of special design and was fully adjustable to obtain optimum process parameters. During the welding process, the device was set to exert a constant welding pressure (controlled by the air pressure in the actuator) and a constant sonotrode vibration frequency (controlled by the vibration generator). The variable parameter was welding time, which depended on the type of welded materials. The composites were welded using the following optimised parameters: frequency of 45 MHz, pressure of 5 bar, and welding time of 12 s for PC fibres, 7 s for PP fibres and 10 s for PA fibres. Welding time was different fungi is similar to that of bacteria -it is stimulated by increased perspiration, primarily due to wearing unhygienic footwear that is impermeable to air and water vapor. Thus, the hygienic properties of footwear may be modified by means of materials exhibiting high water vapor permeability and absorption, as well as enhanced microbiological resistance.
The test results show that the best properties are offered by the composite variant consisting of the polycarbonate nonwoven with a bioactive agent, containing a two-ply Lyocell/ polyester fabric. This variant exhibits the best mechanical and hygienic qualities among the examined options. This is directly attributable to the superior sorption and mechanical properties of PC fibres as compared with PP and PA fibres. Additional tests were conducted to evaluate the bond strength of ultrasound welds and the effect of the antimicrobial modifier on the growth of microorganisms inside footwear. The studied composites were characterised by high bond strength of layers, with the highest levels found for the variant containing a reinforcing polypropylene nonwoven (external layer), a polycarbonate nonwoven with a bioactive agent (middle layer) and a two-ply woven fabric made of cellulose fibres (Lyocell) and polyester fibres (variant III). The lowest bond strength was found for the variant containing a reinforcing PP nonwoven, a polyamide nonwoven with a biocidal agent, and a two-ply Lyocell/PP woven fabric (variant VI).
As far as antibacterial effects against Staphylococcus aureus and Escherichia coli are concerned, the largest inhibition zones were found for all the designed composite variants. In terms of antifungal evaluation, tests were conducted for Aspergillus fumigatus and Trichophyton mentagrophytes. The results
Results and discussion

Evaluation of the protective and functional properties of bioactive polymer materials for protective footwear insoles
Mean values of mechanical and hygienic parameters for the designed variants of bioactive insole composites are presented in Table 6 . The results of microbiological resistance tests involving a number of microorganisms for the various designed variants of bioactive composites are given in Tables 7 to 9 . The designed insole composites for use in protective footwear exhibit good mechanical and hygienic properties and inhibit the growth of selected bacteria and fungi found in the footwear environment. The growth of microorganisms is directly determined by the microclimate in the enclosed space inside footwear, and in particular by humidity and temperature [19] .
Results of Aspergillus fumigatusand and
Relative humidity inside protective footwear ranges from 96% to 100%, which increases the development of sweatdecomposing bacteria [21] . Analysing the microbiological contamination of footwear, one should always consider the presence of pathogenic bacteria and fungi. Colonisation of the inner area of footwear by yeast-like fungi and dermatophytes constitutes a separate microbiological problem related to fungal infections of the feet. From the point of view of footwear hygiene, of importance are also parasitic mould fungi, which often colonise moist interdigital spaces. The growth of those showed that all variants were characterised by very high antifungal activity against Trichophyton mentagrophytes (grade 0, meaning the absence of any fungal growth detectable under a magnification of 50× under a microscope).
Evaluation of the filtering and functional properties of sorption polymer materials for air-purifying half-masks
According to the literature data, the application of corona discharge during melt-blown fibre formation considerably improves the effectiveness of filtration of contaminating particles from the air flow. It has been reported that electrostatic activation led to a tenfold improvement in the protective parameters of filtering materials as compared to those not having an electrostatic charge [3] . In another study, the aerosol filtration effectiveness of all examined types of nonwovens increased by 80% at unchanged airflow resistance levels. [27] In the present study, in order to determine the effects of the SAP contained in the filter nonwovens on their protective and functional properties, sodium chloride aerosol penetration and air flow resistance were studied under predetermined microclimate conditions (relative humidity and temperature of air). The test results showing the decrease in the penetration Nonwovens containing SAP introduced into the fibre-forming area during the melt-blown process exhibited an approx. 20% decrease in the penetration indicator. The simultaneous application of two methods of nonwoven modification improved aerosol filtration effectiveness even more as a result of the concurrent action of several mechanisms: molecular diffusion, particle inertia, direct particle entanglement, gravity, and electrostatic forces, which are in turn affected by nonwoven pore size and the size of particles stopped [4] . The presented results show that fibres made of crystalline polypropylene are highly susceptible to corona-discharge modification.
In most nonwoven variants, the penetration indicator decreased after 24 h storage both under normal conditions and at high temperature and air humidity. During sample storage under normal conditions, the greatest decrease in the penetration indicator among both charged and uncharged nonwovens was observed for the PP nonwoven containing 5.0 g of fine SAP (over 40% and over 25%, respectively). The smallest decrease in the penetration indicator was recorded for the coronacharged nonwoven with 2.5 g of fine SAP. In terms of air flow resistance, the largest change among uncharged nonwovens was observed for that containing 2.5 g of coarse SAP, and among charged nonwovens for that containing 5.0 g of fine SAP. The smallest change in air flow resistance was found for the plain PP nonwoven.
During storage at high temperature and air humidity (T=30±2°C; RH=80±5%), the penetration indicator decreased most (25%) for the uncharged nonwoven containing 2.5 g of fine SAP, and least (18%) for the plain uncharged nonwoven. Among the charged nonwovens, the highest decrease in the penetration indicator (14%) was recorded for the nonwoven containing 5.0 g of fine SAP, and the smallest (3%) for the nonwoven with 2.5 g of fine SAP. In the case of both charged and uncharged materials, the highest air flow resistance was found for the nonwoven containing 5.0 g of fine SAP. In turn, the lowest increase in air flow resistance (8%) was observed for the charged and uncharged plain nonwovens.
Finally, during storage at high temperature and air humidity (T=40±2°C; RH=95±5%), the highest decrease in the penetration indicator (more than 25%) was recorded for the uncharged nonwovens containing 2.5 g of coarse or fine SAP. On the other hand, the charged nonwoven with 2.5 g of coarse SAP exhibited an increase in the penetration indicator by 20%. This is due to the fact that coarse polymer particles embedded in the fibres and between them swelled at high temperature and air humidity, leading to a thicker fibre structure and lower • The weight of the PP nonwoven containing 2.5 g of coarse SAP increased by 17% as compared to the plain PP nonwoven.
• The weight of the PP nonwoven containing 2.5 g of fine SAP increased by 19% as compared to the plain PP nonwoven and was higher than that of the nonwoven containing coarse SAP. This shows that the grinding of SAP into finer particles did not negatively affect its sorption properties. Indeed, the finer SAP had a more extensive active surface, leading to a slight increase in the weight of absorbed water vapor.
• According to expectations, an increase in the amount of SAP incorporated in the nonwoven (to 5 g per 0.8 m 2 ) led to a 50% rise in the sorption capacity of the latter as compared to the initial SAP amount.
Conclusions
The presented methods of melt-blown nonwoven modification by the injection of additives (a bactericidal agent or a superabsorbent) directly into the fibre-forming area and by electrostatic activation may be successfully applied in the manufacture of selected PPE products with a view to improving their functional properties.
The developed method of melt-blown nonwoven modification with a bioactive agent was used to produce materials with good mechanical and sorption properties, which could be incorporated in composite insoles designed for protective footwear. The obtained composite insoles effectively inhibited the growth of microorganisms (Escherichia coli, Staphylococcus aureus, Candida albicans, Aspergillus fumigatus and Trichophyton mentagrophytes) inside filtration efficiency. In the case of air flow resistance, the highest changes were found for the charged and uncharged nonwovens containing 5.0 g of fine SAP. The lowest increase in resistance (approx. 6%) was recorded for the charged nonwoven with 2.5 g of fine SAP.
The improved filtration performance against solid particles (NaCl aerosol), as expressed by the penetration indicator, which was observed for the electrostatically activated nonwovens containing SAP is very beneficial for the safety of workers using respiratory protection equipment in environments containing harmful aerosols. Thus, products manufactured from those materials can be used in the workplace for a longer period of time.
The introduction of SAP with a grain size of 250 μm into the nonwoven structure led to worse filtration properties as compared to nonwovens not containing that modifier. A smaller grain size (approx. 30 μm) led to an improvement in filtration performance by approx. 75%. In that case, superabsorbent particles became embedded in the fibres as the diameter of the former was similar to that of the latter.
Moisture sorption testing under conditions of dynamic air flow gave the following results:
• The weight of plain PP nonwoven was not found to increase over time.
• In nonwovens containing SAP, a slight decrease in sample weight from 0 to 30 min was caused by quick evaporation of the condensate that had been formed on the fibres and in the spaces between them. After 30 minutes, the sample weight did not return to the initial weight (prior to testing). The developed method of production of electrostatically activated melt-blown nonwovens containing a superabsorbent was used to make a filter material with very good protection properties and high water sorption capacity. This material can be applied in respiratory protective devices, such as airpurifying half-masks.
Among the developed filter nonwovens, the best filtration properties were exhibited by the corona-charged nonwoven containing 2.5 g of fine SAP per 0.8 m 2 , which offered low air flow resistance under adverse conditions of work, that is, at high temperature and air humidity (T=40±2°C; RH=95±5%).
In terms of sorption capacity, the best material was the nonwoven containing 5.0 g of fine polymer per 0.8 m 2 of nonwoven. However, due to the fact that an increased amount of polymer in the nonwoven negatively affected its filtering and functional properties, the optimum amount of superabsorbent was found to be 2.5 g of SAP per 0.8 m 2 of nonwoven.
The presented method of modifier injection into the stream of thermoplastic polymer fibres makes it possible for modifier particles to be partially embedded in elementary fibres without impairing the modifier effect or affecting the fibre structure. In this way, the modifier may be precisely deposited rather than distributed indiscriminately across the structure of the nonwoven.
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